ABSTRACT Theory indicates that landscape composition affects transmission of vector-borne crop diseases, but few empirical studies have investigated how landscape composition affects plant disease epidemiology. Since 2006, Bemisia tabaci (Gennadius) has vectored the cucurbit yellow stunting disorder virus (CYSDV) to cantaloupe and honeydew melons (Cucumis melo L.) in the southwestern United States and northern Mexico, causing signiÞcant reductions in yield of fall melons and increased use of insecticides. Here, we show that a landscape-based approach allowing simultaneous assessment of impacts of local (i.e., planting date) and regional (i.e., landscape composition) factors provides valuable insights on how to reduce crop disease risks. SpeciÞcally, we found that planting fall melon Þelds early in the growing season, eliminating plants germinating from seeds produced by spring melons after harvest, and planting fall melon Þelds away from cotton and spring melon Þelds may signiÞcantly reduce the incidence of CYSDV infection in fall melons. Because the largest scale of signiÞcance of the positive association between abundance of cotton and spring melon Þelds and CYSDV incidence was 1,750 and 3,000 m, respectively, reducing areas of cotton and spring melon Þelds within these distances from fall melon Þelds may decrease CYSDV incidence. Our results indicate that landscape-based studies will be fruitful to alleviate limitations imposed on crop production by vector-borne diseases.
The risk of arthropod-borne disease transmission to crops depends on the rate of contact between infectious vectors and uninfected plants (Keesing et al. 2006) . Landscape composition can affect such risk in two interconnected ways. First, variation in landscape composition may increase or decrease abundance of herbivores that transmit pathogens in Þelds of vulnerable crops (Kennedy and Storer 2000 , Parsa et al. 2011 , Carriè re et al. 2012a . Second, the relative abundance of infected host plants near Þelds of a vulnerable crop, the distance between infected hosts and these Þelds, and the reservoir potential of infected hosts relative to the vulnerable crop may inßuence the incidence of infectious vectors (Fabre et al. 2005 , Ostfeld et al. 2005 , Keesing et al. 2006 . Although landscape composition is expected to affect the local and regional abundance of infectious vectors, and hence disease transmission, the impacts of landscape composition on hostÐvectorÐpathogen interactions have so far received limited empirical attention (Ostfeld et al. 2005 , Plantagenest et al. 2007 , but see Crowder et al. 2013) .
Whiteßies of the Bemisia tabaci (Gennadius) species complex (De Barro et al. 2011 ) transmit many types of plant viruses that severely hinder agriculture in the tropics and subtropics (Hilje et al. 2001 , NavasCastillo et al. 2011 . The B. tabaci species Middle East-Asia Minor I (MEAMI), previously referred to as B biotype, has vectored the cucurbit yellow stunting disorder virus (CYSDV) to cantaloupe and honeydew melons (Cucumis melo L.) since 2006 in the southwestern United States and northern Mexico (Brown et al. 2007) . CYSDV is transmitted semipersistently by B. tabaci and hosted by several host plants including alfalfa (Medicago sativa L.), lettuce (Lactuca sativa L.), and numerous weed species (Wintermantel et al. 2009 ). Virus infection is markedly lower in spring melon than in fall melon. Especially in fall melon, CYSDV has caused signiÞcant reductions in yield and increased use of insecticides for B. tabaci suppression ). Although chemical control has generally been ineffective in preventing the spread of CYSVD in cropping systems (Sinclair and Crosby 2002) , growers in Arizona use aggressive chemical management approaches that rely heavily on soil-and foliar-applied neonicotinoid, pyrethroid, and organophosphate insecticides to delay CYSDV incidence in melon Þelds.
B. tabaci exhibits year-round breeding in subtropical regions. Its high degree of polyphagy and dispersal potential allows for successive colonization of diverse host plants during the growing season. Typically, crops are colonized soon after planting and abandoned near harvest time (Naranjo and Ellsworth 2005) . In the diverse agroecosystem of the Dome and Yuma valleys in Arizona, various crops likely sustain, amplify, or suppress B. tabaci populations at a given time during the year. Previous work indicates that melons and cotton amplify B. tabaci populations in the spring and midsummer, respectively MartinezCarrillo 2001, Naranjo and Ellsworth 2005) . Alfalfa may also amplify B. tabaci populations in midsummer (Palumbo et al. 2000) . Fall melon Þelds are planted at the beginning of August, at a time when broccoli (Brassica oleracea L.), caulißower (B. oleracea), and cabbage (B. oleracea) are also planted. In these crops, B. tabaci is consistently controlled with insecticides when populations exceed economic thresholds (Palumbo et al. 2001, Palumbo and . Depending on the timing of insecticide treatments and economic thresholds used, these crops could contribute in increasing or decreasing regional abundance of the B. tabaci vector.
Because transmission of vector-borne diseases to focal crop Þelds is affected by the rate of contact between infectious vectors and noninfected hosts plants, it is expected that disease risk will be increased most by crops that are virus reservoirs and amplify vector populations (e.g., spring melons), followed by nonreservoir crops that amplify vector populations (e.g., cotton). However, crops that sufÞciently reduce vector abundance regionally could lower disease risk. If not well managed, spring melon Þelds could be particularly important for increasing CYSDV incidence in fall melon Þelds. This is because melon seeds left in the soil after harvest of spring melons can inadvertently produce numerous plants (i.e., "volunteer" melon plants) when summer rains are abundant (Ellsworth and Martinez-Carrillo 2001) , or harvested Þelds are ßood-irrigated and subsequent disking of the germinated plants is delayed. Such abandoned spring melon Þelds could often amplify both the vector and virus until the fall melon plants become available.
The goals of this study were to evaluate how landscape composition contributes in affecting the incidence of CYSDV infection and population density of B. tabaci in fall melon Þelds. Because young plants may be most susceptible to damage by B. tabaci and plant viruses (Hilje at al. 2001) , we Þrst evaluated the relationship between abundance of B. tabaci during various development stages of melon and extent of CYSDV infection at harvest. We then used geographic information system (GIS) and remote sensing technology combined with spatial statistics to assess 1) the associations between abundance of various crops surrounding melon Þelds and extent of CYSDV infection and abundance of B. tabaci in melon Þelds and 2) the spatial scale of the associations between the regional abundance of crops and the incidence of CYSDV infection and abundance of B. tabaci. Although few studies so far have measured the effects of landscape composition on plant disease epidemiology (Ostfeld et al. 2005 , Plantagenest et al. 2007 ), the current study shows that landscape-based analyses can provide useful insights on effects of crop placement and insect vector movement on disease incidence.
Materials and Methods
Field Sites and Mapping of Agricultural Fields. In 2011 and 2012, we monitored the incidence of CYSDV infection and B. tabaci abundance in fall melon Þelds in Yuma County, AZ. Most Þelds were located in the Dome Valley, except for three Þelds sampled in the Yuma Valley in 2011. Different Þelds were sampled in each year (n ϭ 24 in 2011 and n ϭ 23 in 2012). Position of sampled Þelds was determined with a global positioning system (GPS). Shape of agricultural Þelds in the study area was determined with GPS or microsurveyors at a resolution of 10 Ð100 m (Carriè re et al. 2005) .
We considered effects of the following B. tabaci crops on CYSDV infection and B. tabaci abundance: alfalfa, broccoli, cabbage, caulißower, cotton (Gossypium hirsutum L.), and fall and spring melon. We did not consider lettuce because this crop is planted 4 Ð5 wk after melons in the study area. Furthermore, an additional 2Ð3 wk is required after planting for lettuce plants to grow sufÞciently (i.e., 1Ð2 leaf stage) to be colonized by B. tabaci adults (Zalom et al. 1995) . This implies that lettuce is unlikely to impact B. tabaci abundance in fall melon Þelds during most of the melon growing season, relative to melons and cole crops (Chu et al. 1995) .
In both years, we recorded the location of all spring melon Þelds in the vicinity of sampled fall melon Þelds with GPS. Spring melon Þelds were inspected regularly after harvest to determine whether they contained volunteer melon plants. Location of cotton Þelds was recorded by the grower-funded Arizona Cotton Research and Protection Council based on information obtained from producers and the ground (Carrière et al. 2005) . Fields of alfalfa, broccoli, cabbage, and caulißower were identiÞed with remote sensing in 2011 and from the ground in 2012. A different approach was used to identify relevant crops because accurate Landsat scenes of the study area were not available in 2012 because of satellite malfunction.
To identify crops, we focused on Þelds Ͻ3 km from the edge of the sampled melon Þelds. In 2011, crops were identiÞed based on growth patterns depicted by seven Landsat-5 Thematic Mapper (TM) atmospherically corrected scenes (4 June, 20 June, 7 August, 23 August, 8 September, 10 October, and 26 October). Each Landsat scene represents six multispectral surface reßectance images. The red and near-infrared images from each scene were used to derive normalized difference vegetation index images (Tucker 1979 , Anderson et al. 1993 . A total of 317 Þelds of the following crops were identiÞed from the ground in October 2011: alfalfa, Bermuda grass (Cynodon dactylon L.), broccoli, cabbage, caulißower, lettuce, and Sudan grass (Sorghum bicolor L.). The seven TM scenes plus the respective normalized difference vegetation index images were loaded into the National Land Cover Dataset ERDAS Imagine extension (ERDAS 2010) to randomly select 30% of pixels from each crop to generate a classiÞcation and regression tree, which was applied to create the crop maps (HartÞeld et al. 2013) . Accuracy of the classiÞcation was then assessed using the 70% of pixels remaining for validation, which showed a classiÞcation accuracy Ͼ99% for alfalfa, broccoli, cabbage, and caulißower. In 2012, we used the GIS map templates representing the location of potential crop Þelds with GPS and a handheld GIS (iPAQ, Hewlett-Packard, Palo Alto, CA) to map relevant Þelds of alfalfa, broccoli, cabbage, and caulißower from the ground (HartÞeld et al. 2011) . Accuracy of identiÞcation of these crops was thus expected to be 100%.
B. tabaci Sampling Methods and Determination of CYSDV Infection. Evaluations of B. tabaci abundance and plant infection were done every 7Ð14 d starting at plant emergence until harvest. To measure the relative abundance of B. tabaci adults, a single yellow sticky trap (15.2 by 30.5 cm; Olson Products, Medina, OH) was positioned Ϸ20 cm above ground level along the edge of each melon Þeld monitored (Palumbo et al. 1995) . After each trapping period, traps were taken into the laboratory where the numbers of adults on the trap surface were counted under 20ϫ magniÞcation. We also monitored abundance of B. tabaci adults in each melon Þeld, using leaf turn samples of the Þfth terminal leaf on the primary melon vine of randomly selected plants ). However, the strength of the association (i.e., R 2 ) between B. tabaci abundance during melon stages and the percentage of CYSDV infection at harvest was generally higher when abundance was estimated with sticky traps than leaf turns (see Data Analysis section). Thus, in this article we exclusively report and analyze data based on trap catches.
Virus infection was determined by visually inspecting plants within quadrants in each Þeld for the presence of leaves that expressed CYSDV symptoms. In each of the four quadrants, two melon beds 30 m in length were arbitrarily chosen to evaluate CYSDV infection. At each sampling period, the number of plants with virus symptoms in each quadrant was averaged to determine the percentage of CYSDV incidence. CYSDV symptoms on cucurbits consist of leaf mottling that eventually results in yellow interveinal chlorosis, with major veins remaining green (Celix et al. 1996) . We considered a plant to be infected when leaves with yellow interveinal chlorosis symptoms were observed. A subset of leaf samples showing representative symptoms was collected each season and conÞrmed for the presence of CYSDV in Dr. Bill WintermantleÕs lab (USDAÐARS, Salinas, CA).
Landscape Analysis. In each year, three separate GIS maps were produced for spring melon with or without volunteer melon plants, cotton, and the other crops. We mapped all crops except cotton with ArcGIS version 10.0 (Environmental Systems Research Institute [ESRI] 2011; Environmental Systems Research Institute, Redlands, CA). GIS maps of cotton, which are highly accurate (Carriè re et al. 2005) , were provided by the Arizona Cotton Research and Protection Council. We drew 12 concentric rings around the edge of each sampled melon Þeld. The smallest ring had a width of 250 m, and the distance of each subsequent ring increased by 250 m (i.e., the second ring had a width of 500 m, the third ring a width of 750 m, etc.). The area of each crop type located between the edge of a sampled melon Þeld and the outside limit of a ring was measured in square meters using ArcGIS. Separate ring analyses were performed for spring melon, cotton, and the remaining crops because Þelds at a distance Ͻ3 km from the edge of the sampled melon Þelds were sometimes planted in succession with more than one crop from spring to harvest of melon Þelds.
Data Analysis: Association Between Vector Abundance and CYSDV Infection. Because particular melon development stages may be more vulnerable than others to virus infection, we used simple linear regression to evaluate the association between the B. tabaci abundance during speciÞc melon stages and the percentage of CYSDV infection at harvest. The development stages considered were prebloom (Pb), bloom (B), fruit formation (Fm), and netted fruit (Nf). Combined periods were also considered (i.e., Pb ϩ B, Pb ϩ B ϩ Fm, and Pb ϩ B ϩ Fm ϩ Nf). For each period, the response variable was the percentage of CYSDV infection and the explanatory variable average abundance of B. tabaci (log transformed).
Landscape Analyses. When appropriate (see below), spring melon Þelds with or without volunteer melon plants were considered separately in analyses, as they may have different effects on local ampliÞca-tion of infectious B. tabaci vectors. Areas of broccoli and caulißower were pooled in the analyses because these crops are managed similarly and expected to have comparable effects on local abundance of B. tabaci. In each year, whiteßy abundance data used in landscape analyses were based on the period with the highest coefÞcient of determination (R 2 ) for the association between whiteßy abundance and the percentage of CYSDV infection at harvest.
We used the methods developed by Carriè re et al. (2012a,b) to evaluate effects of crops surrounding fall melon Þelds and Pb Julian date of melon Þelds on the percentage of CYSDV infection at harvest and abundance of B. tabaci. Pb date was deÞned as the earliest sampling date after melon emergence (typically Ͻ7 d after emergence). We Þrst analyzed data for each year separately. In 2012, areas of spring melon Þelds with and without volunteers were pooled because Þelds of spring melons without volunteers were rare. In 2012, areas of cabbage Þelds were not considered in analyses because this crop was rare. We used stepwise regression to identify explanatory variables with signiÞcant effects (P Ͻ 0.05) at each of the 12 scales of analysis. Explanatory variables that were signiÞcant at a minimum of one scale were then incorporated in a multiple regression model that was Þt at each of the 12 scales. Rank-based statistics were used in stepwise and multiple regression analyses because they do not require the assumption of normality. Programs for statistical analyses were written in MATLAB (The Mathworks Inc. 2008).
To gain statistical power, we also used the regression approach described above and pooled data from each year to evaluate the association between areas of the surrounding crops, Pb date, and the percentage of CYSDV infection at harvest. Between-year variation in the explanatory and response variables was removed by performing one-way analysis of variance with year as the explanatory variable and obtaining standardized residuals (Carriè re et al. 2012a,b) . As before, rank-based statistics were used in this analysis. A single scale of 1,500 m was used because this scale was close to the best Þt (i.e., maximum R 2 ) obtained in multiscale analyses performed in each year (see Results). To subsequently compare the slope of the associations between areas of spring melon with and without volunteers and CYSDV infection, we used a multiple regression model including CYSDV infection as the response variable and areas of spring melon with and without volunteers and the interaction between these variables as explanatory variables. We did not analyze pooled data to investigate variation in B. tabaci abundance across melon Þelds because the scale at which crops best explained variation in B. tabaci abundance differed between years (see Results).
Spatial Autocorrelation. We used semivariograms to assess spatial patterns in the response and explanatory variables. In stepwise and multiple regression analyses of individual years and pooled data, we accounted for any spatial autocorrelation through tests of signiÞcance using effective sample sizes and effective degrees of freedom (i.e., modiÞed t-and F-tests; Dutilleul 1993 Dutilleul , 2011 Carriè re et al. 2012a,b) . Spatial autocorrelation that would have resulted in qualitative differences in signiÞcance of factors included in analyses was not observed. We also investigated spatial autocorrelation in the pooled analysis using a coregionalization analysis with a drift (Pelletier et al. 2009 , Dutilleul 2011 . This method decomposes spatial data into a deterministic component (i.e., the drift), which describes spatial heterogeneity of the mean, and a random component comprising a spatially autocorrelated part and a nonspatial part. No signiÞcant spatial autocorrelation was found in results of this analysis either. Accordingly, statistical results of unmodiÞed tests of signiÞcance are presented.
Results
Between-Year Variation. All 24 melon Þelds sampled in 2012 were located in the Dome Valley while 3 of the 23 Þelds sampled in 2011 were from the Yuma Valley (Fig. 1) . The percentage of CYSDV infection at harvest varied more in 2011 (range, 1Ð90%) than 2012 (range, 50 Ð90%). SigniÞcant differences occurred between years in incidence of CYSDV infection and abundance of B. tabaci in melon Þelds, and abundance of several crops in the vicinity of melon Þelds (Table  1) . SpeciÞcally, the percentage of CYSDV infection and abundance of B. tabaci in fall melon Þelds was signiÞcantly higher in 2012 than 2011.
Seasonal Abundance of B. tabaci and CYSDV Infection. The melon development period with the highest degree of association between B. tabaci abundance and CYSDV incidence at harvest differed between years. B. tabaci abundance during Pb explained the highest proportion of variation in CYSDV infection in 2011 (Table 2 ). In contrast, B. tabaci abundance during later stages of melon development (i.e., Fm and Nf) explained the highest proportion of variation in CYSDV infection in 2012 (Table 2 ). Average B. tabaci abundance during Pb and over the respective four periods explained the highest proportion of variation in CYSDV infection in 2011 and 2012. Thus, these variables were used in the analyses investigating effects of landscape composition on B. tabaci abundance in melon Þelds in 2011 and 2012.
Landscape Composition and CYSDV Infection. The inßuence of landscape composition on the percentage of CYSDV infection at harvest differed between years. In 2011, the area of spring melon Þelds with volunteers surrounding fall melon Þelds was positively and signiÞcantly associated with the incidence of CYSDV infection, but area of spring melon Þelds without volunteers was not (Table 3) . Area of cotton was also positively associated with the percentage of CYSDV infection. In contrast, area of fall melon was negatively associated with CYSDV incidence. The largest distance at which these effects were signiÞcant was between 1,750 and 2,000 m (Table 3 ). In 2012, spring melons was the only crop signiÞcantly associated with the percentage of CYSDV infection, and the maximum scale of signiÞcance of this effect (i.e., 3,000 m) appeared larger than in 2011 (Table 3) . A positive association between Pb date and CYSDV incidence was observed in both years, showing that melon Þelds Standard errors are reported in parentheses. P is the probability from a two-sample t-test comparing the 2 yr.
a Average abundance of B. tabaci measured during the Pb period and over the four periods of melon development, respectively, explained the highest proportion of variation in CYSDV infection in 2011 and 2012 (see Table 2 ). For each year and period of melon development, the association between average whiteßy density (log transformed) and the percentage of CYSDV infection at harvest was estimated with simple linear regression. The slope, coefÞcients of determination (R 2 ), and associated probability value are reported for each regression model.
planted early tended to have lower levels of virus infection at harvest.
Landscape Composition and Abundance of B. tabaci. As in the case of CYSDV infection, the inßuence of landscape composition on B. tabaci abundance in melon Þelds differed between years. In 2011, crops associated with increased abundance of B. tabaci were spring melon with and without volunteers and cotton (Table 4) , which parallels results of analyses investigating CYSDV infection (Table 3 ). The maximum scale of signiÞcance of the positive association was smaller for spring melon without volunteers (i.e., 1,000 m) than for spring melon with volunteers (i.e., 3,000 m), consistent with Þndings reported in Table 3 . Crops showing negative associations with B. tabaci abundance in fall melon were broccoli ϩ caulißower, cabbage, and fall melons, indicating that suppression of B. tabaci with insecticides in these crops signiÞcantly reduced abundance of vectors in melons. In 2012, consistent with results from analyses of variation in CYSDV infection, the only crop with a signiÞcant positive association with B. tabaci abundance in fall melons was spring melons (Table 4 ). In 2012, areas of spring melon with and without volunteers were pooled in analyses, and the maximum scale of significance of effects of spring melon was between the maximum scales observed for both types of Þelds in 2011 (Table 4) .
Pooled Landscape Analysis of CYSDV Infection. The coefÞcient of determination (R 2 ) of the multiple regression models including areas of crops provides an indication of the distance that best explains hostÐ vectorÐpathogen interactions (see Carriè re et al. 2012b) . In 2011, the R 2 peaked at the 1,750-m scale for models investigating B. tabaci abundance and CYSDV infection (Fig. 2) , indicating that crops located within this distance best explained variation in these interconnected variables. However, in 2012, the R 2 peaked at the 750-m scale for B. tabaci abundance and at the 1,500-m scale for CYSDV infection. Nevertheless, the maximum R 2 occurred at a similar scale for CYSDV infection in both years, suggesting that a scale of 1,500 m is appropriate for analyzing data pooled for both years.
Consistent with previous results (Table 3) , the pooled analysis indicated that the abundance of spring melon and cotton Þelds located within a distance of 1,500 m from fall melon Þelds was signiÞcantly associated with CYSDV infection (R 2 ϭ 57%, P Ͻ 0.001). There was a positive and signiÞcant association between areas of spring melon with (slope ϭ 0.54, P Ͻ 0.001) and without (slope ϭ 0.37, P ϭ 0.0012) volunteers, areas of cotton (slope ϭ 0.33, P ϭ 0.0024), and percentage of CYSDV infection. Pb date was not included in the Þnal model because it was marginally signiÞcant in the stepwise analysis (P ϭ 0.052). A subsequent multiple regression analysis revealed that the slope of the association between areas of spring melon without volunteers and incidence of CYSDV infection was signiÞcantly smaller than the slope of the association involving areas of spring melon with volunteers (interaction term; F ϭ 5.94, P ϭ 0.019). a Criterion for assessing signiÞcance of regression coefÞcients was P Ͻ 0.05. Number reported is the average of signiÞcant regression coefÞcients in analyses performed at the 12 scales. Parentheses contain standard error followed by no. of signiÞcant regression coefÞcients.
b Areas of spring melons with and without volunteer melon plants were included as explanatory variables in the 2011 analyses, but areas of spring melons without volunteers were never signiÞcant. Areas of spring melons with and without volunteers were pooled in the 2012 analyses because melon Þelds without volunteers were rare (see Table 1 ). Average B. tabaci abundance was calculated over the Pb period in 2011 and the four melon development periods in 2012 because whiteßy density during these periods explained most of the variation in the percentage of CYSDV infection at harvest (see Table 2 ).
a Criterion for assessing signiÞcance of regression coefÞcients was P Ͻ 0.05. Number reported is the average of signiÞcant regression coefÞcients in analyses performed at the 12 scales. Parentheses contain standard error followed by no. of signiÞcant regression coefÞ-cients.
b Areas of spring melon Þelds with and without volunteers were included as explanatory variables in the 2011 analyses but total area of spring melon Þelds with and without volunteers was used in the 2012 analyses because each type of habitat was rare.
Discussion
In general, our analyses of CYSDV infection show a consistent positive association between abundance of spring melons (a virus reservoir crop) and cotton (a nonvirus reservoir crop) in proximity of fall melon Þelds and CYSDV incidence at harvest. Analyses of B. tabaci abundance in melon Þelds indicate that these trends likely occurred because spring melon Þelds and cotton acted as sources of vectors for fall melon Þelds. Abundance of spring melon Þelds with volunteers, but not spring melon Þelds without volunteers, was positively associated with CYSDV incidence in 2011. Furthermore, the maximum scale of signiÞcance of the association between areas of spring melons and abundance of B. tabaci in fall melon Þelds was larger for Þelds with volunteers (i.e., 3,000 m) than without volunteers (i.e., 1,000 m). Moreover, in the pooled analysis, an increase in the abundance of spring melon Þelds with volunteers was associated with a greater rate of increase in CYSDV incidence than an increase in abundance of spring melon Þelds without volunteers. Fields of spring melons with volunteers likely produce B. tabaci over a longer period than Þelds without volunteers, thereby representing a better source of infectious vectors for fall melon Þelds. Lastly, in both years fall melon Þelds planted later in the growing season had a higher incidence of CYSDV infection than Þelds planted earlier. These results indicate that management of spring melon Þelds after harvest (i.e., rapid destruction of harvested crops and prevention of volunteer melons), planting date of fall melons (i.e., avoidance of late planting), and placement of fall melons relative to spring melons and cotton (i.e., crop isolation) could reduce extent of CYSDV infection in fall melons.
A period of Ϸ1 mo (i.e., July) typically separates harvest of spring melons and planting of fall melons in the Dome and Yuma valleys. Especially for Þelds of spring melons without volunteers, it seems unlikely that B. tabaci emigrating from spring melons would survive long enough to enter fall melon Þelds. Accordingly, the positive association between areas of spring melon Þelds, abundance of B. tabaci in fall melon Þelds, and CYSDV incidence probably occurred at least in part because spring melon Þelds locally increase virus transmission to competent hosts, such as weeds, and amplify B. tabaci populations. Both effects could ultimately increase rates of movement of CYSDV-carrying B. tabaci into fall melon Þelds during subsequent whiteßy generations. For cotton that is usually harvested from late August to the end of October, it seems more likely that B. tabaci adults ßying out of cotton Þelds when irrigation is terminated would rapidly enter fall melon Þelds. In the Imperial Valley, California, which has similar crop successions as in the Dome and Yuma valleys, a positive association between abundance of cotton Þelds, abundance of B. tabaci, and incidence of B. tabaci carrying the lettuce infection yellow virus (LIYV) was found in late summer across a set of arbitrarily deÞned regions (Blua et al. 1994) . As with CYSDV, cotton is not a host for LIYV. However, many B. tabaci adults trapped in cotton Þelds were infectious for LIYV, indicating that individuals picked up the virus from surrounding hosts like weeds before entering cotton Þelds (Blua et al. 1994) . During the course of this study, several pest control advisers have mentioned to one of us (J.C.P.) that they observed CYSDV weed hosts (speciÞcally, the common mallow Malva neglecta Wallroth and WrightÕs ground cherry, Physalis acutifolia Miers) and volunteer melons growing in and on edges of cotton Þelds near areas where fall melons are grown. Taking Þnd-ings from Blua et al. (1994) and the above observations into consideration, our results strongly indicate that Tables 3 and 4 for outcomes of these models). Whiteßy abundance was calculated over the Pb period in 2011 and the four melon development periods in 2012 because whiteßy abundance during these periods explained most of the variation in the percentage of infection at harvest (see Table 2 ).
cotton plays a role in CYSDV transmission to fall melons.
The abundance of several crops was negatively associated with abundance of B. tabaci in fall melon Þelds in 2011 (i.e., broccoli ϩ caulißower, cabbage, and fall melons) but not in 2012. These negative associations suggest that control of B. tabaci with insecticides in these crops may in some years reduce abundance of B. tabaci regionally. However, only the abundance of fall melon Þelds displayed a negative association with CYSDV incidence in focal melon Þelds. This possibly occurred because fall melons are more attractive to B. tabaci than cole crops, producers were more diligent in controlling B. tabaci with insecticides in melons than cole crops, and fall melons were generally more abundant than cole crops in the study area (Table 1 ). All these factors could increase the "trap crop" effect of fall melons compared with cole crops. Alfalfa is a CYSDV reservoir host (Wintermantel et al. 2009 ) and was abundant in our study area. Importantly, however, the abundance of alfalfa was never associated with CYSDV infection or B. tabaci abundance in fall melon Þelds. Although B. tabaci populations can be high in alfalfa in late summer (Palumbo et al. 2000) , it may be that frequent harvest (i.e., 28-to 32-d cutting cycle) generally reduced its suitability for B. tabaci (Yee et al. 1997 ) and prevented signiÞcant movement of CYSDV-carrying adults from alfalfa to fall melons.
Melon Þelds with earliest Pb dates had the lowest incidence of CYSDV infection in both years. In recent row-cover studies, plants infested with B. tabaci early during the Pb period had the highest incidence of CYSDV, and incidence of the virus was reduced when plants were protected from B. tabaci with row covers until after blooming began (J.C.P., unpublished data). Consistent with these Þndings, B. tabaci populations progressively increased in melon Þelds over the window of Pb dates in 2011 (Fig. 3) , showing that melon Þelds planted early were generally exposed to the lowest abundances of B. tabaci during the Pb period. However, this trend was not observed in 2012, indicating that effects of planting date may not be solely mediated by seasonal changes in abundance of the vector. A plausible explanation may be that the incidence of CYSDV-carrying B. tabaci entering melon Þelds increases during the growing season, thereby increasing disease risk in Þelds planted later in the season. Temporal monitoring of the capacity of B. tabaci to transmit the CYSDV to melons (see Blua et al. 1994) would be required to test this hypothesis.
Results from the pooled analysis indicate consistent effects of spring melons and cotton on CYSDV infection during both years of this study. Nevertheless, the number of crops signiÞcantly associated with CYSDV infection and abundance of B. tabaci was higher in 2011 than 2012. The maximum spatial scale at which crops signiÞcantly increased the incidence of CYSDV in melon Þelds also differed between years, being larger in 2012 (i.e., at least 3,000 m) than in 2011 (i.e., 2,000 m). It is currently unknown why these differences occurred, but it is notable that overall B. tabaci abundance and CYSDV incidence in fall melons was signiÞcantly higher in 2012 than 2011 (Table 1) . Although these trends may suggest that the landscape dynamics of CYSDV transmission is inßuenced by the regional abundance of B. tabaci, more data will be needed to ascertain this pattern.
Programs implemented to reduce the risk of vectorborne crop diseases rely on a wide range of tactics applied at local and regional scales (Hilje et al. 2001 , Plantagenest et al. 2007 . Assessing how such programs reduce the incidence of plant diseases has been difÞcult because many tactics are involved and there is uncertainty about the spatial scale over which tactics need to be implemented. The spatially explicit approach used here can simultaneously identify and evaluate multiple factors linked to disease risk. It provides a useful tool for the design of efÞcient control strategies of crop diseases.
